The two DNA conjugates (split probes) carrying a metal chelator form an integrated luminous lanthanide (Ln 3+ : Tb 3+ or Eu 3+ ) complex on the complementary template DNA (target). The luminous property of this Ln 3+ complex has been used for DNA assay. The intensity of the luminescence was affected by the local structural disruption caused by one-base mispairing around the complex. Among the mispairings systematically introduced around the Ln 3+ center, vicinal mispairings to the center decreased the emission intensity more. This would be a novel nucleobase-discriminating principle, in which the split probes bind the target tightly, yet still retain sequence selectivity.
Introduction
We have been engaged in the development of methods for gene detection through cooperative recognition of the target. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In a series of studies, we showed that the two ODN (oligo deoxyribonucleic acid) conjugates bearing a metal chelating group on their terminus cooperatively hybridize to the adjacent sequences on the target in the presence of a half mole of specific metal ions. 14 We now present the techniques of split probes based on the complexation between a luminous lanthanide ion (Ln 3+ : Tb 3+ or Eu 3+ ) and the two ODN conjugates carrying a metal chelator. EDTA (ethylenediaminetetraacetic acid) and phen (1,10-phenanthroline) were covalently attached to the ODNs to prepare a pair of the ODN conjugate as the split probes. When the ternary duplex consisting of the target and the two conjugates forms, as shown in Fig. 1(a) , the EDTA and phen moieties of the conjugates face each other to form an integrated cavity for Ln 3+ accommodation. The two units are expected to function as dehydration/capturing and sensitizer units for Ln 3+ , respectively. The stability constants of phen-Ln 3+ are not high. Therefore, without the guide by the template (target), phen could not coordinate to Ln 3+ under the experimental conditions. That is, the luminous Ln 3+ complexes form only when the targets are added into the solution.
We previously demonstrated the benefits of this approach for the analysis of the thiopurine S-methyltransferase (TPMT) gene. 15, 16 The luminescence from Ln 3+ complexes formed in the tandem duplexes consisting of 7 mer EDTA-ODN conjugate, 20 mer phen-ODN conjugate, and the target highly depended on the single base displacements on a 7 mer half of the target. The difference in thermal stability of the duplexes caused by a mispairing was involved to discriminate the SNPs (single nucleotide polymorphisms); the 7 mer probe does not bind to the target with a single base displacement under the assay conditions. In this system, therefore, the probe ODNs should be adequately short to attain a higher selectivity, because the negative impact to the thermal stability that comes from one base mismatch (destabilization caused by a mispairing) is larger for shorter duplexes. Short probes, however, would not work in diluted solution because of their lower binding affinity to the targets. Therefore, the SNP discrimination principle itself should be modified to achieve both high fidelity and high binding affinity. 17, 18 Here we used a pair of the longer conjugates (15 mer) as the split probes to ensure higher affinity. The sequences of the conjugates were designed so that the bases of mispairings were located around the end where the EDTA or phen was tethered. We hypothesized that the local structural disruption on the duplexes caused by a mispairing around the metal center affects the luminescence intensity. 17 In this report, we examined the effect of the position of the mispairing on the luminescence from Tb 3+ and Eu 3+ complexes cooperatively formed in the tandem duplexes consisting of the two 15 mer conjugates and the 30 mer targets.
Experimental

General equipment and materials
ODNs were purchased from Japan BioServices (Japan) and Hokkaido System Science (Japan), or synthesized on an Expedite 8900 (Applied Biosystems) DNA synthesizer with dimethoxytrityl phosphoramidite reagents purchased from Proligo (USA) and Glen Research (USA). All other reagents were purchased and used without further purification. The ODNs or ODN conjugates (probes) were purified from the crude mixture by RP-HPLC (reversed phase-HPLC, LC-2000 plus inert system, Jasco) equipped with an ODS column (octadecylsilyl, Wakopak MS (matrix-assisted laser desorption ionization mass spectrometry) of ODNs and ODN conjugates were performed on an Autoflex III (Bruker Daltonics) in negative ion mode.
Synthesis of the split probes (ODN conjugates)
The conjugates Phen-15 and EDTA-15 ( Fig. 1(b) ) were synthesized by the coupling of primary amino groups of 5′amino15 and 3′amino15 with N-hydroxysuccinimide ester of 5-carboxy-1,10-phenanthroline and dianhydride of EDTA, respectively, purified by RP-HPLC, and subsequently identified with MALDI-TOF MS using 3-hydroxypicolinic acid (3-HPA) as matrix. Full procedures of the synthesis of the two ODN conjugates are shown in our previous reports. 16 
UV melting
Thermal denaturation experiments were carried out in phosphate buffer solution (10 mM, pH 7.0) containing 1.0 M NaCl on a UV-1650PC (Shimadzu) UV/vis spectrophotometer equipped with a Peltier thermal controller. The concentrations of each component of the ternary duplexes and Ln 3+ were all 1 μM. Prior to the beginning of each melt, the samples were degassed at 85 C for 5 min and then annealed with slow cooling to 0 C. In the denaturation experiments, the solutions were heated at a rate of 0.5 deg min -1 after equilibration for 30 min at 0 C. The melting profiles were monitored by the absorption change at 260 nm while blowing dry N2 gas (only below room temperature) over the cuvette to prevent dew condensation. The temperature that gave the maximum first derivative of the melting curve, Tmax, was used as a measure of the thermal stability of the duplexes. Thermal denaturation experiments were repeated 2 -3 times for each sample and the reported Tmax values are the average of all duplicates or triplicates for a given sample.
The molar extinction coefficients of the targets, fm and mm(nN)s, were calculated using those of the nearest-neighbor dinucleoside monophosphates at 260 nm as reported in the literature. 20 The concentrations (extinction coefficients) of the conjugates, Phen-15 and EDTA-15, were determined as shown in our previous reports. 16 
Luminescence measurements
Luminescence spectra were measured using an LS-55 luminescence spectrometer (Perkin-Elmer) equipped with a Peltier thermal controller. The sample space was purged with N2 to prevent moisture condensation on the cell when measuring below room temperature. Time-resolved emission spectra were obtained for 2 ms gate time after 50 μs delay using a pulsed xenon source (excitation at 280 nm) in the buffer solution (10 mM HEPES containing 1.0 M NaCl, pH 7.0).
Luminescence intensities were also measured using the plate reader, ARVO MX 1420 Multilabel Counter (Perkin-Elmer). The signals were collected for 2 ms gate time after 50 μs delay using a pulsed xenon source (excitation at 280 nm) through band-pass filters of 545 nm (7 nm bandwidth) and 615 nm (8.5 nm bandwidth) for Tb 3+ and Eu 3+ systems, respectively. Samples were dissolved in 100 μL of buffer solutions (10 mM HEPES containing 1.0 M NaCl, pH 7.0), dispensed in a 96-well plate, and subjected to measurement.
Results and Discussion
Design and preparation of the system
It is not difficult to attain sequence selective recognition using adequately short probes. However, the thermal stability of the short probes is not high. Such low stability would make it difficult to apply the probes for dilute analyte solutions. Here, a set of the long ODN conjugates carrying a metal chelator, EDTA and phen, were synthesized as capture and sensitizer probes for Ln 3+ ( Fig. 1(b) ). The 15 mer sequences of the two probes were designed so as to form a tandem duplex with a target, in which their auxiliary units face each other, providing a microenvironment to accommodate Ln 3+ . To verify the effect of the local structural disruption caused by a mispairing on the luminescence intensity, we prepared a series of the model targets. Besides the target with fully complementary sequence (fm), the 18 target ODNs containing one base displacement (mm(nN), n = -3, -2, -1, +1, +2, or +3; N = G, C, or T) were used for luminescence measurements. Mismatched bases were systematically introduced to mm(nN) at between ±3 nucleobases around the opposite point where two probes meet. 17 The coupling reaction yields for preparing the conjugates were > 80%, which were calculated roughly from the comparisons of integrated peak area between the unreacted amino-ODNs (5′amino15 and 3′amino15) and the products (Phen -15 and EDTA-15) 
Thermal stability
Before conducting the luminescence measurements, we subjected all of the tandem duplexes consisting of EDTA-15, Phen-15, and fm or mm(nN) to UV melting experiments in the . The concentrations of all DNAs and Ln 3+ were 1 μM. Solid and dashed curves show the spectra for the duplexes with fm and mm(-1T), respectively. The spectra were obtained with 2 ms gate time after 50 μs delay using a pulsed xenon source in the buffer solution (10 mM HEPES containing 1.0 M NaCl, pH 7.0). presence and absence of Ln 3+ . Changes of the absorbance at 260 nm versus temperature gave typical sigmoidal melting curves for all duplexes. Here we used a pair of the conjugates that have sequences symmetric to each other. Therefore, the two conjugates were expected to dissociate cooperatively, because the thermal stabilities of the two successive duplexes are close to each other. Apparent Tmax values for the duplexes estimated from the melting curves are summarized in Table 1 . Both lanthanide ions seem to slightly stabilize the tandem duplex (fm/EDTA-15/Phen-15). We previously reported that little stabilization was observed for the control tandem duplex with unmodified ODN. 16 Therefore, lanthanide ions seem to form ternary complexes with EDTA and phen at the site where the two probes meet.
While mispairings caused a reduction in duplex stabilities to some extent, all Tmaxs were around 60 C. Generally, the mispairings at inner positions (larger n in mm(nN), +3 or -3) of the duplex affect its thermal stability more. However, such a typical tendency could not be observed here for the series of the duplexes with mm(nN)s in the presence of Ln
3+
. Although the effect on the thermal stability of the duplex should be trivial for the mispairing itself at outer position (n = +1 or -1), the mispairing at +1 or -1 may disturb the Ln 3+ complex formation to offset its positive contribution to the thermal stability of the duplex. Both effects (general dependence of mispairing position vs. perturbation of Ln 3+ complex) would be closely connected and make the situation intricate. It might support our motivation of present research. The luminescence of the ternary complexes was measured sufficiently below the Tmaxs, because we want to know the effect of local structural disruption of the duplexes on the luminescence intensities.
Effect of mispairings in tandem duplexes on their luminescence
Preliminary studies on luminescence properties of Ln 3+ -containing tandem duplexes were performed using a luminescence spectrometer prior to high throughput measurements using a plate reader. Time-resolved luminescence spectra were measured at 10 C intervals between 0 and 80 C for one fullmatched and 18 mismatched tandem duplexes in the presence of equimolar Tb 3+ or Eu
3+
. Among them, the spectra of the duplexes fm/EDTA-15/Phen-15 and mm(-1T)/EDTA-15/Phen-15 obtained at 0 C are shown in Fig. 2 . Unique shapes of the emission spectra for Ln 3+ complexes were observed for both Tb 3+ and Eu 3+ especially at lower temperatures for all of the 
Emission intensity
Fig . 3 High-throughput luminescence measurements using a plate reader. The luminescence intensities were measured by time-resolved mode for all tandem duplexes (1 μM each of the DNA components and Ln 3+ ). Signals were collected for 2 ms gate time after 50 μs delay using a pulsed xenon source (excitation at 280 nm) through band-pass filters of 545 nm (7 nm bandwidth) and 615 nm (8.5 nm bandwidth) for (a) Tb 3+ and (b) Eu 3+ systems, respectively. Samples were dissolved in 100 μL of buffer solutions (10 mM HEPES containing 1.0 M NaCl, pH 7.0), dispensed in a 96-well plate, and subjected to measurement.
duplexes. 21 As we expected, the fullmatched duplexes (fm/EDTA-15/Phen-15) provided the emission with highest intensities. Relative quantum yields for the emission from the Ln 3+ complexes formed on fm/EDTA-15/Phen-15 were calculated to be 12 and 5.3% for Tb 3+ and Eu 3+ , respectively, based on the value of [Ru(bpy) 3] 2+ in aerated water (f = 0.028). 22 They are reasonable values for the Ln 3+ complexes consisting of different two ligands in aqueous media. The lifetimes (τLn 3+ ) were estimated to be 1.26 and 1.34 ms for Tb 3+ and Eu 3+ , respectively, which are typical of values found for Ln 3+ complexes and are long enough to be applied to time-gating techniques.
All the duplexes were subjected to luminescence measurements using the plate reader under the conditions optimized by preliminary studies using the spectrometer mentioned above. Figure 3 shows the emission signal intensities observed for all duplexes at 25 C. The signal intensity was affected by one-base displacements in a position dependent manner. Among the mispairings at n = -3, -2, -1, +1, +2, and +3, generally, central positions seemed to affect the emission intensity more. All of the targets (fm and mm(nN)s) form stable duplexes at 25 C regardless of the position and kinds of the mismatches. Therefore, the difference in the emission intensities observed here should be attributed to the difference in the extent of local structural disruption in the duplexes. The results showed the reasonable general tendency. Overall, the mismatches closer to the modified ends (-1 and +1) of the conjugates affect the structure around Ln 3+ complexes more than those of inner positions (-3 and +3) in both conjugates. The signal contrasts between fm/EDTA-15/Phen-15 and mm(-1N)/EDTA-15/ Phen-15 were 4 -7. The contrast is large enough to be recognized by one's naked eyes especially for the Tb 3+ complex as shown in Fig. 4(a) . Each mispairing (T-T, T-G, and T-C) seems to have its own position-dependent profile of emission intensity, at least in the sequence used in this study. These profiles were almost reproducible irrespective of the instruments, spectrometer or plate reader. Therefore, the unique emission profiles would be due to the propagation of certain local structural deviation or dynamic conformational fluctuation of the each mispairing to the moiety of Ln 3+ complex. Although some of them might be based on the specific static structures such as T-G wobble base pair, 23 it is difficult to explain or predict the profile, because the neighboring bases should somewhat affect the extent of propagation of the deviation to Ln 3+ complex moiety. Anyway, as we expected, the results showed that the long probes could be used for SNP analysis with the discrimination principle based on the local structural disruption around the signaling moiety. Long DNA probes have some merits comparing with the short ones. They would be applicable to highly diluted solution thanks to their strong binding affinity. In addition to this, generally, a long probe can target on a unique sequence even from an enormously long DNA sample like a whole genome. Assuming the perfectly unbiased distribution of the four nucleobases (of course, it is not true in reality), a certain 16 mer tract can be a unique sequence in 3 billion-long human genome (4 16 > 3 × 10 9 ), while a certain 7 mer sequence would appear every ca. 20 thousand-long sequences (ca. 200 thousand times appearance in a 3 billion-long sequence).
While the luminescence intensities measured at 0 C (data not shown) were more than those obtained at 25 C for all tandem duplexes, the overall profiles of position dependence and, therefore, the signal contrasts of any mm(nN)/EDTA-15/Phen-15 to fm/EDTA-15/Phen-15 were almost the same for both temperatures. That is, the difference in the emission intensities between the two temperatures would be attributed to the intrinsic temperature-dependent properties of the emission from Ln(III) complexes. 24 Actually, temperature dependence of signal contrasts seemed to coincide with the reversed shape of melting profile (Fig. 4(b) ). It means that the present method would be applicable in wide range of temperature as long as it is lower than that of the duplex melting, because the discrimination principle does not rely on the subtle difference in thermal stability of the duplexes with the probes but on the local structural disruption caused by a mispairing. Therefore, we do not need to control the temperature strictly for SNP assay. This would be a great advantage in the assay for multiple targets.
For applying to practical highly sensitive assays, we have to improve the system regarding two points, 1) intrinsic intensity and 2) contrast (fm/mm(nN)) of the luminescence signal from Ln 3+ complexes. Exploring or developing the better sensitizers than phen should resolve the former issue. The latter would be improved by tuning the structure of the probes (DNA conjugates), such as, the length and rigidity of the linker chain.
Conclusions
We showed that the luminescence signal from Ln 3+ complexes consisting of the two 15 mer probes on the targets is affected by the local structural disruption resulting from a mispairing in the duplexes. The dilemma in the length of DNA probes mentioned above would be avoided by using this feature as a discrimination principle. In addition to this, the system could be operated at a constant temperature regardless of the sequences of the targets as long as it is lower than the melting temperature of the duplexes.
